Abstract Previous studies (e.g., Satoh et al., 1995a) on inversion of quality factor for S waves, Q S , of sediments using surface-to-borehole spectral ratios of seismograms, are mostly based on one-dimensional wave propagation of vertically incident SH waves. In this study a method is proposed for inverting frequency-dependent Q S , S-wave velocity V S , P-wave velocity V P and incidence angle by considering obliquely incident SH and SV waves at the bedrock. The method accounts for S to P conversion waves as well as direct and reflected SH and SV waves in the multilayered structure. This method is tested using seismograms recorded on ground surface and deep (GL1206m) boreholes in the Sendai basin, Japan. Surface-to-borehole spectral ratios of transverse, radial, and vertical components for S-wave windows in the frequency range from 0.5 to 10 Hz are used in the inversion. The peak frequencies of observed spectral ratios are typically different between radial and transverse components, and this difference is reproduced reasonably well by the computed spectral ratios as a result of considering obliquely incident SH and SV waves with the inverted incidence angle. In addition, three components of observed seismograms are also matched well by the synthetics in the time domain 
Introduction
In order to theoretically evaluate site effects for strong motions, it is necessary to have information on subsurface structures such as S-wave velocity (V S ) and quality factor for S waves (Q S ), especially for sedimentary layers overlying seismic bedrock with V S of about 3-3.5 km/sec. However, estimating Q S is more difficult than estimating V S . Waveform modeling in the time domain has been very effective in estimating frequency-independent Q S in the long-period range. For instance, Olsen et al. (2003) estimated Q S ϳ V S / 50 (V S in m/sec) in the uppermost part (0.5 Յ V S Ͻ 1-2 km/ sec) of the Los Angles basin by three-dimensional waveform modeling in the frequency range less then 0.5 Hz using strong-motion records of the 1994 Northridge earthquake. Similarly, Bonilla et al. (2002) estimated Q S and Q P by onedimensional (1D) waveform modeling for frequencies smaller than 10 Hz using deep (500 m) borehole seismograms of a small event. At the same time, it is widely recognized that in the short-period range (smaller than 0.3 sec), waveform modeling has difficulty in phase fitting due to scattering effects. In fact, the observed records used by Bonilla et al. (2002) have their dominant period at about 0.3 sec. Thus the Q estimated by these authors may not be well constrained for periods shorter than 0.3 sec. In the short-period range, frequency-independent Q S is often estimated from the gradient of spectral ratios of direct S waves between two borehole seismograms on the log-linear plots in the frequency domain (e.g., Hauksson et al., 1987; Aster and Shearer, 1991; Abercrombie, 1997) . Fukushima et al. (1992) estimated frequency-dependent Q S of sedimentary rocks from spectral ratios of a direct wave to a reflected wave observed at a deep borehole. These frequency domain methods can be applied to estimate Q S only for homogeneous layers. Since site amplifications are large and frequency dependent for sediments composed of multilayered structures, these methods are not suitable for estimating their Q S . In addition, these methods require that direct and reflected S waves at the borehole be separated in the time domain. However, seismograms recorded at boreholes in multilayered sediments are, in general, affected by waves reflected at the boundaries of the multilayered structures.
Since the pioneering work done by Ohta (1975) , Q S and V S of shallow sediments have been inverted from surfaceto-borehole spectral ratios for horizontal components by considering 1D site amplification effects (e.g., Satoh et al., 1995a; Kobayashi, 1999) . In these studies, Q S and V S are inverted to minimize the misfit between observed surfaceto-borehole spectral ratios and spectral ratios computed by 1D wave propagation theory assuming vertically incident SH waves. These studies considered direct and reflected SH waves in the multilayered structure, and the inversion was usually done using a nonlinear least-squares method or a genetic algorithm. These methods have been extensively used in Japan for the estimation of Q S of shallow (Ͻ 100 m) and soft (V S Ͻ 500 m/sec) sediments in several regions (e.g., Ohta, 1975; Satoh et al., 1995a; Kobayashi, 1999) . However, these methods have not been applied widely to estimate Q S in hard soil and sedimentary rock below shallow soft soil.
Many large cities in earthquake-prone areas are located in deep basins with thick sediments, such as Tokyo in the Kanto basin (e.g., Sato et al., 1999) and Los Angeles in the Los Angels basin (e.g., Olsen et al., 2003) . The Q S for deep hard soil and sedimentary rock above the bedrock rock as well as Q S for shallow soft soils are required to correctly predict site response above the bedrock in these cases. When borehole sensors are installed in soft layers, the assumption of vertical incidence of S waves is a good approximation in most cases, because the upward traveling rays will approach the vertical as they approach the softer soil. However, when borehole sensors are installed in seismic bedrock, the assumption of the vertical incidence of S waves is not always acceptable. Under the assumption of vertical incidence of S wave at the bedrock, vertical components theoretically do not appear at the surface. In this sense, too, it is important for simulating three-component seismograms of S-wave windows to consider the obliquely incidence of the S wave.
In this article a method is proposed to estimate frequency-dependent Q S of deep sediments, in addition to the incidence angle at the seismic bedrock and S-and P-wave velocities, by considering obliquely incident SH and SV waves at the bedrock. The surface-to-borehole spectral ratios of all three components of the seismogram-transverse, radial, and vertical-are used in the inversion. The inversion technique in this study is the adaptive simulated annealing (ASA) algorithm (Ingber, 1989) , which is a global optimization algorithm to statistically find the best global fit of a nonlinear cost-function. ASA has been found to be useful in various optimization problems (e.g., Ingber and Rosen, 1992; Yamanaka, 2001) .
Since obliquely incident SH and SV waves at the seismic bedrock are considered in this study, borehole records observed within the bedrock are required. There are about 660 KiK-net strong-motion stations deployed by the National Research Institute for Earth Science and Disaster Prevention (NIED) in Japan (Aoi et al., 2000) . The KiK-net strongmotion records are available on the internet (http:// www.kik.bosai.go.jp/kik/index_en.shtml). At about 22 of these stations, borehole sensors are installed within the bedrock. This study uses seismograms observed at station MYGH01 (Sendai) in the Sendai basin.
Data
Borehole Station and Earthquake Records Figure 1 shows the location of borehole station MYGH01 and epicenters of the Miyagiken-oki earthquake (M w 7.0, intraslab) and its three largest aftershocks. The parameters of these four earthquakes are listed in Table 1 . M w as shown in Table 1 is calculated from the seismic moment estimated by F-net (Full Range Seismograph Network of Japan) of NIED (Fukuyama et al., 1998) . The other source parameters are determined by Japan Meteorological Agency. The hypocentral distance from the mainshock (EQ01) to MYGH01 is about 112 km.
At MYGH01, accelerometers are located on the surface (GL0m) and at a depth of 1206 m (GL-1206m), which is one of the deepest boreholes among the KiK-net strongmotion stations (Aoi et al., 2000) . The strong-motion instrumentation used in the KiK-net are three-component accelerographs and a data logger having a 24-bit analog to digital (A/D) converter. The overall frequency response characteristic of the accelerographs is flat from direct current (DC) to about 20 Hz. The sampling frequency is 200 Hz. Figure 2 shows the P-and S-wave velocity structures estimated from velocity well loggings by NIED (Aoi et al., 2000) . The S-wave velocities estimated by well logging are 210 m/sec at GL0m and 3260 m/sec at GL-1206m. The upper 65-m soft soil consists of sand from the Cenozoic Quaternary era, the intermediate layer from 65 to 250 m is made up of silt, sandstone, and tuff from the Cenozoic Neogene era, and at depths lower than 250 m there is shale and sandstone from the Mesozoic Triassic era.
Observed Strong-Motion Records
The horizontal accelerograms observed at MYGH01 are transformed to radial and transverse components. Figure 3a shows the accelerograms of the mainshock (EQ01), and Figure 3b shows the velocity seismograms integrated from the accelerograms. The peak ground acceleration of the radial components at GL0m is about 200 cm/sec 2 . The peak ground accelerations and velocities of the horizontal and vertical components at GL0m are about 6 and 2 times greater, respectively, than those at GL-1206m. S-wave windows with durations of 15 sec are extracted from observed records using a cosine taper over 10% of the window at each end. The start time of the S-wave windows for both GL0m and GL1206m records is the onset time of S waves at GL-1206m. Therefore, S to P conversion waves are included in the Swave windows at GL0m. In order to calculate signal-tonoise (S/N) ratios, noise is taken as 5 sec of P-coda window from the observed records before the onset of S waves at GL-1206m. Again a cosine taper over 10% of the window is used. A similar procedure is used for estimating S/N ratios for records from the three aftershocks. The horizontal and vertical peak ground accelerations at GL-1206m for the three aftershocks are smaller than 1.6 cm/sec 2 , as shown in Table 1. Figure 4 compares the spectra of the signal and the noise at GL-1206m for each earthquake. Only the records of the mainshock (EQ01) have high S/N ratios and, therefore, the mainshock records are primarily used in the inversion analyses. For the sake of comparison, the records of the EQ02 are also inverted, though S/N ratios of the vertical components are low for frequencies higher than 5 Hz. Records of the other earthquakes such as crustal earthquakes that occurred near MYGH01 could not be used because of the large contamination of P waves and P coda in the Swave window due to the very short source-site distance for these earthquakes. Figure 5 shows borehole-to-surface spectral ratios for radial, transverse, and vertical components calculated from the S-wave windows for all four events. Although the S/N ratios for the aftershock records are low, the borehole-tosurface spectral ratios for the horizontal components agree reasonably well among all four earthquakes. If the soil had behaved nonlinearly during the mainshock, the spectral ratios for the mainshock would be different from those for the aftershocks (e.g., Satoh et al., 1995 Satoh et al., , 2001 ). Thus, the soil did not behave nonlinearly during the mainshock. However, the first peak frequencies of observed spectral ratios are different between radial and transverse components, which suggests that the effect of obliquely incident SH and SV waves is important.
Inversion Method
Adaptive Simulated Annealing (ASA) Algorithm Simulated annealing (SA) algorithms are general Monte Carlo approximation methods that are suitable for optimization problems when a desired global minimum is hidden among many local minima in the objective function. ASA is Figure 2 . P-and S-wave velocity structures at MYGH01 surveyed by well logging by the National Research Institute for Earth Science and Disaster Prevention (Aoi et al., 2000) . Accelerometers are set at the surface (GL0m) and at a depth of 1206 m (GL1206m).
an extension of SA that employs a more efficient sampling of the parameter space than typically used in simulated annealing algorithms (e.g., Ingber, 1989; Ingber and Rosen, 1992) . The ASA algorithm used in this study is based on an article by Ingber (1989) .
Individual state vectors x(t) are formed by D scalar parameters x i (t). The x i (t) is generated from the following generating function using random variables Dx i .
If a x i (t) is smaller than A i or larger than B i , it is thrown away and a new x i (t) is generated. Dx i are generated from the generating temperature T i,gen and uniform random values u using
where T i,gen is calculated from the temperature reduction function as
Here c i are constants defining the relative widths of the generating distributions, k i are annealing indices used for each generating temperature, and q i are quenching factors. In this study, T i,gen (0), c i , and q i are fixed to T i,gen (0) ‫ס‬ 1.0, c i ‫ס‬ 1, and q i ‫ס‬ 3. The quenching factor is used to speed up the calculations without affecting the annealing proof of ASA.
Once new values for x(t) are generated, the difference DE in the objective between new values x(t) and previous values x(t‫)1מ‬ is computed as
The new values x(t) are accepted if
values are accepted with probability equal to
T(k)
where the acceptance temperature T(k) is calculated as
The final value of k is fixed to be 10,000. If the uniform random value is less than P, the new values x(t) are accepted. Otherwise, the previous values x(t‫)1מ‬ are kept. Under the same acceptance temperature, the iteration is carried out five times, and a total of 50,000 vectors are generated. The values of user set parameters are determined through several numerical experiments and from an earlier application to borehole seismograms (Satoh et al., 2003) .
Objective Function
Earlier studies of vertical array seismograms have indicated that S-wave windows of vertical components are mainly composed of SV waves and P waves converted from obliquely incident SV waves at the bedrock (Takahashi et al., 1992) . Therefore, the observed surface-to-borehole spectral ratios for the radial, transverse, and vertical components defined as
is the ratio of the horizontal components of SV waves and P waves at the surface to the horizontal component of the obliquely incident SV waves at the bedrock. M 2 (f) is the ratio of SH waves at the surface to the obliquely incident SH waves at the bedrock. M 3 (f) is the ratio of the vertical components of SV waves and P waves at the surface to vertical components of the obliquely incident SV waves at the bedrock. The spectral ratios are computed taking into account incident, reflected, and transmitted waves.
The objective function E(x) in the optimization algorithm can be expressed in terms of the spectra 
where j is the index for components 1 to 3, f i is ith frequency, and f imin and f imax correspond to the minimum and maximum frequencies. In this study f imin is set at 0.5 Hz and f imax at 10 Hz.
, and M 3 (f) are obtained using a Parzen window with a bandwidth of 0.3 Hz to smooth the Fourier spectra, following the procedure described in Satoh et al. (1995a) . w i (f) is a weight function and is given as
Analytical Condition
The velocity model of five layers obtained from well logging is shown in Figure 2 . As only two seismometers are installed in the five-layer structure, it is difficult to estimate all soil constants independently for each layer. Therefore, the thickness for each layer is fixed by the value obtained from well logging, and V S is inverted for each layer. In addition, density is assumed to be given by the relationship q ‫ס‬ 0.31V P 1/4 , as proposed by Gardner et al. (1974) , where q is density in g/cm 3 and V P is P-wave velocity in m/sec Pand S-wave impedance contrasts, q 1/2 V P 1/2 and q 1/2 V S 1/2 , are key parameters of site response. However, the variation of q is usually much smaller than that of V P or V S , as density q is proportional to the fourth root of V P , q ϰ V P 1/4 . Therefore, even if an attempt were made to invert q, this effort would be hampered by the lower sensitivity of site response on q.
In addition, in order to reduce the total number of inverted parameters, Q S is modeled as a function of frequency f and V S as constants to be inverted. This representation of Q S is commonly used. For example, Q S ‫ס‬ V S /10 was used for the long period (Ͼ0.5 sec) in strong-motion simulation (Olsen et al., 2000) . Recently, Olsen et al. (2003) estimated Q S ϳ V S /50 for sediments with V S between 0.5 and 1-2 km/sec in the Los Angeles basin for long-period (Ͼ2 sec) strong-motion simulations. Similarly, Kobayashi (1999) made empirical Q S models that were expressed as functions of frequency f and V S for shallow (Ͻ100 m) sediments in the Sendai basin, Japan.
Another problem is the difficulty of inverting Q S and Q P independently because of the relatively lower sensitivity of the spectral ratios for S-wave windows on Q P . Therefore, Q P is modeled as
P c b
In order to show the robustness of inverted values to assumed conditions, six cases of inversions are conducted. The inversions with c ‫ס‬ 1 (case 1) and c ‫ס‬ 2 (case 2) are conducted by fixing V P to the value obtained from well logging. Three cases of inversions with c ‫ס‬ 1 (case 3 to case 6) are conducted by inverting V P of each layer. The assumptions made regarding a and b are different among case 3 to case 6 as shown in Figure 6 . In case 4, b is different between the first and the other layers. In case 5 both a and b are different between the first and the other layers. In case 6, a are different among the first, second, and the other layers.
The for V S for layer where V P Ͻ1500 m/sec, and [0.8V P , 1.2V P ] for V P . The Poisson ratio for each layer is bounded between 0.2 and 0.5. The initial value for each model parameter is generated using a uniform random number generator within these bounds. The inversions are conducted using five different sets of initial values.
Results and Discussion

Frequency Domain Inversions
The averages and standard deviations of the inverted model parameters using five initial values are shown in Figures 6 and 7. The number of inverted parameters in case 5 and case 6 is 15, and the standard deviations of a and b are much larger than those for the other cases. The standard deviation of the incidence angle for case 6 is the largest among the six cases, and its average value of about 10Њ is different from the 17Њ obtained in the other cases. The large standard deviations of inverted values in all five estimates inverted using five different initial values imply that there is a trade-off among the inverted parameters. Thus the inverted values for case 5 and case 6 are not well constrained due to their larger number of degrees of freedom. Therefore the results of case 5 and case 6 will not be discussed further. The standard deviations of the inverted parameters for case 4 are comparable with those in case 3, though the number of inverted parameters for case 4 is 14, which is larger than that for case 3 by one. Figure 8 shows the relation between the misfit and number of iterations for case 1 to case 4. The misfits are seen to converge after less than 4000 iterations. The misfits at 10,000 iterations mean quantitative fitness between observed and calculated spectral ratios. The misfit for case 1 is slightly smaller than that for case 2. However, the differences in the misfit between case 1 and case 2 are very small due to the smaller sensitivity of the spectral ratios for S-wave windows to Q P . In order to Q P or Q P /Q S , the use of P-wave windows could be helpful. The misfit at 10,000 iterations for case 4 is smallest among four cases. Based on the results obtained from Figures 6-8, I select case 4 as the best case. The inverted values for case 4 are listed in Table 2 . Figure 9 compares the observed and computed surfaceto-borehole spectral ratios for case 4 using five initial values. The difference of five computed surface-to-borehole spectral ratios is small. Frequencies of the first peak of observed spectral ratios are different between radial and transverse components, and this difference is reproduced reasonably well by the computed spectral ratios, based on oblique incidence of SH and SV waves.
For comparison, a 1D inversion assuming vertically incident SH waves is carried out using the transverse components under the same conditions as those for case 4. This case is referred to as case 4 SH. Figure 10 shows the observed and calculated spectral ratios for case 4 SH. The agreement between both is comparable with that seen for case 4 in Figure 6 . The averages and standard deviations of a and b for case 4 and case 4 SH are shown in Figure 11 . The average values for case 4 and case 4 SH are not all that different, but the standard deviations are noticeably larger for case 4 SH than for case 4. Also, when 1D vertically incident SH waves are assumed, the difference in the spectral ratios between radial and transverse components cannot be explained and the spectral ratios for the vertical components cannot even be calculated. On the other hand, 1D theory assuming obliquely incident SH and SV waves can reproduce the observed spectral ratios for all three components.
The inversions discussed so far were done using mainshock records with large S/N ratios. For comparison, the inversion is carried out using EQ02 records with low S/N ratios using the condition of case 4. This case is referred to as case 4EQ02, and its observed and calculated spectral ratios are shown in Figure 12 . The results shown in this figure reproduce well the observed differences between the radial and transverse components.
The average and standard deviation values of model parameters inverted using five initial values for case 4 and case 4EQ02 are shown in Figure 11 . The differences in the av- erage values for case 4 and case 4EQ02 are small for b, but not for a. The larger difference in a could be the result of the small S/N ratios of EQ02 records in the high-frequency range because parameter a controls the frequency dependency of Q S . The average and the standard deviation of the incidence angle for case 4EQ02 are 21.5Њ and 1.5Њ, respectively. Thus, this parameter is in reasonable agreement with the 17.1 ‫ע‬ 2.1Њ inverted for case 4. This agreement is reasonable because the epicenters of the mainshock and EQ02 are near each other. Figure 13 shows particle orbits on a vertical plane calculated from radial and vertical components of borehole records for the four earthquakes. The orbits are calculated from bandpass-filtered waves, which are equally divided on a log scale in the period range from 0.1 to 2 sec. The shapes of the particle orbits are complex, perhaps due to scattering waves and P-coda waves. However, the predominant direction of the particle orbits is about 20Њ, consistent with the incidence angles inverted for EQ01 and EQ02.
Inverted Q S
The inverted Q S values for case 1, case 2, case 3, and case 4 are shown in Figure 14 , where Q S /V S (V S in m/sec) is plotted. The differences in Q S /V S between case 1, case 2, and case 3 are small, though the inverted V S showed larger differences in Figure 8 . The Q S /V S ‫ס‬ f 0.57 /32 for case 3 lies in between the Q S /V S ‫ס‬ f 0.63 /28 of the first layer and the Q S /V S ‫ס‬ f 0.63 /54 of the second to fifth layers for case 4. Also shown in Figure 8 are empirical Q S /V S relations for silt, sand, and sedimentary rocks proposed by Kobayashi (1999) 200 m/sec above a depth of 50 m, is consistent with Kobayashi's empirical relations for silt and sand. On the other hand, the Q/V S ‫ס‬ f 0.63 /54 of the second to fifth layers in the depth range from 50 to 1,206 m, which mainly consist of hard soil and sedimentary rock with V S of about 500 to 3,000 m/sec, is larger than Kobayashi's relations for shallow (Ͻ100 m) sedimentary rock with V S of about 500 to 1,000 m/sec. This result suggests that Q S of deep sedimentary rocks is larger than Q S for shallow sedimentary rocks in the same basin. The depth dependence of Q S can be considered as arising from confining pressure. The pressure dependence of Q S and Q P has been interpreted as resulting of the closure of cracks in the rocks with increasing confining pressure (Abercrombie, 1998) . The Q S models for case 4 in the frequency range of 1 to 2 Hz are consistent with Q S estimated by Bonilla et al. (2002) Figure 15 (Kinoshita, 1992; Fukushima et al., 1992; Takemura et al., 1993) . All Q S models shown here are proportional to f 0.5-1.0 . Fukushima et al. (1992) estimated Q S ‫ס‬ 19 f 0.52 for mudstone with V S from 900 to 1200 m/sec by considering the propagation time from the surface to borehole at a depth of 700 m for obliquely incident waves. The Q S ‫ס‬ V S f 0.63 /54 obtained in this study is consistent with Fukushima et al. (1992) , but not with Kinoshita (1992) and Figure 10 . Comparison of observed and computed surface-to-borehold spectral ratios (GL0m/GL1206m) for case 4SH for the mainshock. Case 4SH assumes vertically incident SH waves in the inversion analysis. The spectral ratios are computed using parameters inverted from five initial values. Figure 11 . The average (continuous line) and average ‫ע‬ standard deviation (dashed line) for a and log(b/2) inverted from five initial values for case 4, case 4SH, and case 4EQ02. Takemura et al. (1993) , who inverted Q S by assuming vertically incident SH waves at the bedrock. The comparison of Q S for case 4 and case 4SH shown in Figure 11 suggests that the effect of incidence angles different from vertical on Q S estimates are not large. Therefore, Q S values are strongly site dependent in the frequency range from 0.5 to 10 Hz. Since borehole sensors at the 22 KiK-net stations are installed within the seismic bedrock, site dependency and variation of Q S could be determined by applying the proposed method to the KiK-net records. Figure 12 . Comparison of observed and computed surface-to-borehole spectral ratios (GL0m/GL-1206m) for case 4EQ02 for the aftershock EQ02. The spectral ratios are computed using parameters inverted from five initial values. Figure 13 . Particle orbits on a vertical plane calculated from borehole accelerograms for all four earthquakes. The orbits are calculated from bandpass-filtered waves that are equally divided on a log scale in the period range from 0.1 to 2 sec. The predominant direction of the particle orbits is found to be about 20Њ, which is consistent with the incidence angles inverted for EQ01 and EQ02, though the shapes of particle orbits are complex perhaps due to scattering waves and Pcoda waves.
Time Domain Synthetics
Three components of velocity seismograms at GL0m are computed from the S-wave window of velocity seismograms observed at GL-1206m using 1D wave propagation theory considering obliquely incident SH and SV waves at the bedrock. Here the Q S incidence angle, and velocity structures inverted for case 4 (Table 2) are used. The top traces in Figure 16 are the synthetic velocity time histories at GL0m, and the middle and bottom traces are seismograms observed at GL0m and GL-1206m, respectively. All seismograms are bandpass filtered in the frequency range from 0.5 to 10 Hz. The phases and amplitudes of the observed seismograms are matched reasonably well by the synthetics. Figure 14 . Q S /V S relations inverted in this study and empirical Q S /V S relations of silt, sand, and sedimentary rock for shallow (Ͻ100 m) sediments derived by Kobayashi (1999) in the Sendai basin, Japan. Figure 15 . Comparison between Q S inverted for case 4 and Q S derived from deep borehole seismograms in other regions of Japan (Kinoshita, 1992; Fukushima et al., 1992; Takemura et al., 1993) . Figure 16 . The top traces are synthetic velocity time histories at GL0m computed from S-wave widows of velocity seismograms observed at GL-1206m based on 1D wave propagation theory using the parameters inverted for case 4. The middle and bottom traces are velocity seismograms of S-wave windows observed at GL0m and GL-1206m, respectively. Both the synthetics and observed seismograms are bandpass filtered in the frequency range from 0.5 to 10 Hz.
Conclusions
In this study a method is proposed to invert frequencydependent Q S , S-wave velocity, P-wave velocity, and incidence angle by considering obliquely incident SH and SV waves at the seismic bedrock. Since obliquely incident SH and SV waves at the bedrock are assumed in this method, S to P converted waves as well as direct and reflected SH and SV waves in 1D wave propagation in multilayered structures are represented. The inversion technique used in this study is the ASA algorithm (Ingber, 1989) .
This method is applied to strong-motion records observed within the bedrock at a depth of 1206 m and on the surface in the Sendai basin, Japan. Surface-to-borehole spectral ratios for S-wave windows of transverse, radial, and vertical components in the frequency range from 0.5 to 10 Hz are used for the inversion. The peak frequencies of observed spectral ratios are seen to be different between radial and transverse components. This difference is reproduced reasonably well by the computed spectral ratios as a result of considering obliquely incident SH and SV waves. I also show that three components of observed seismograms are matched well by the synthetics in the time domain by considering obliquely incident SH and SV waves. 0.63 /54 for hard soil and sedimentary rock, with V S between 500 m/sec and 3000 m/sec. The inverted incidence angle of about 17Њ is consistent with the predominant direction of particle orbits in a vertical plane calculated from the radial and vertical components of borehole records.
In this study, Q P is assumed to be either Q P ‫ס‬ (V P /V S ) Q S or Q P ‫ס‬ (V P /2V S ) Q S because the spectral ratios for Swave windows are relatively insensitive to Q P . In the future, it would be useful to investigate the use of P-wave windows to invert Q P .
